Abstract -Genome rearrangements are responsible for the variability observed at the ends of the chromosome among Streptomyces species. The characterization of mutators, which are stimulated for genome plasticity, and of mutants produced at different stages of development support the idea that genome instability is developmentally modulated. © 1999 É ditions scientifiques et médicales Elsevier SAS genomic instability / Streptomyces / developmental control
Introduction
Genetic polymorphism is requisite for the evolutionary process since the generation of mixed populations consisting of various phenotypes ensures that a small fraction of organisms already expressing the appropriate phenotype will survive a sudden environmental change. Various mutagenic mechanisms affecting nucleotide sequence and/or genetic organization generate polymorphisms among populations. Therefore, genome rearrangements play an important role in the creation of biodiversity and ultimately in evolution. Analyses of genomic diversity among organisms revealed that genome rearrangements have a major impact during the evolution of the genome. Inversions, deletions, duplications and translocations create new DNA associations potentially coding for proteins with new combinations of functional domains. Further, they may modify gene expression by changing their relative positioning within the genome, and, hence, the local environment of specific genes. Duplication of genes or even genomes [35] allows the acquisition of new functions via the accumulation of mutations. Loss of functions may be advantageous by simplifying a complex apparatus to a more efficient system. Finally, insertion of foreign DNA, i.e., horizontal gene transfer, facilitates the flow of genes between unrelated species and allows the acquisition of new traits [2] . The case of pathogenic bacteria nicely illustrates the important role that genome rearrangement can play, as it is easy to detect the advantage conferred by some genome rearrangements in this system. Indeed, genome rearrangements are important for the survival of pathogenic bacteria, either by switching on and off individual genes and allowing for antigenic variation, by creating new gene variants, or for the acquisition of new pathogenicity characteristics from other bacteria [8, 13, 21] . Rearrangements can affect few or many chromosomal loci. Rearrangements which affect multiple loci create more diversity than those which are specific for certain genes. In this sense, Streptomyces bacteria are remarkable, exhibiting a high frequency of genome rearrangements with the potential to affect several hundred to more than two thousand kilobases [15] .
On solid medium, Streptomyces colonies are highly differentiated. They consist of vegetative mycelium with radial growth, aerial mycelium, and spores. This morphological differentiation is associated with a physiological differentiation. Thus, the different parts of a single colony exhibit different physiological states. Mycelium of Streptomyces are coenocytic with each hyphal compartment containing numerous copies of the chromosome. The majority of spores, on the other hand, seem to contain a single copy. Finally, the different compartments of Streptomyces colonies communicate by intracellular and extracellular signals which change during the different steps of differentiation. This complex life cycle is associated with the production of a great variety of secondary metabolites which have attracted economic interest as antibiotics [6] .
Genome plasticity shapes the Streptomyces genome
Streptomyces chromosomal DNA is a linear molecule approximately 8 Mb in length in all species tested thus far. It has a typical invertron structure characterized by the presence of terminal inverted repeats (TIRs) covalently bound to proteins [17] . The presence of TIRs appears to be a characteristic of all Streptomyces linear replicons. A bidirectional replication origin located at the approximate center of the chromosome [11, 22] allows the determination of two similarly sized chromosomal arms (figure 1). The chromosomal DNA might adopt a structure in which the terminal repeats synaptically associate, as in the 'racket frame' model which was proposed for the linear plasmid SCP1 [27] .
Streptomyces chromosomal DNA is prone to large deletions including genes previously reported to be genetically unstable. Most of these genes are associated with secondary metabolism. Up to 25% of the genome can be deleted without affecting the survival of the corresponding mutant under laboratory conditions. In some cases, deletions are associated with large-scale DNA amplification resulting from the tandem reiteration of an amplifiable unit of DNA (AUD) [15] . All of these rearrangements are located at the ends of the chromosomal DNA. Several types of mutants, which differ in the size of the deleted sequences as well as in the structure of their chromosomal DNA, can be observed ( figure 1 ). Mutants having a deletion located on one or both chromosomal extremities constitute the two first types of mutants which are observed ( figure 1A, B ; [10, 25] ). Both types of mutants display TIRs reduced in length, with the second type being extreme. In the first case, the chromosomal DNA remains linear ( figure 1A ) while in the second case, deletion of the TIRs leads to a circularization of chromosomal DNA (figure 1B). Mutants harboring linear chromosomal DNA where the size of the TIRs has increased characterize a third category of mutants [12] . Two mutants harboring chromosomal DNA with TIRs of 480 kb and 850 kb, respectively, have been isolated. In these mutants, one chromosomal end has been deleted and replaced by a sequence identical to the end of the undeleted extremity ( figure 1C ). This replacement results from a homologous recombination event occurring between two copies of a duplicated sequence (the has gene) on the S. ambofaciens chromosome. Each chromosomal extremity contains a copy of the has gene which is located outside of the TIRs and at different distances from the chromosome end. The replacement of one end by another could result from a single nonallelic crossover between the two copies of the has gene. Finally, mutants lacking an extremity but still possessing a conserved linear chromosomal structure can also be observed ( figure 1D ; [10, 25] ). Some mutants in this category exhibit amplification. However, the nature of the new chromosome end remains thus far unknown. Genome plasticity is probably responsible for chromosomal end diversity observed among the Streptomyces species. The TIRs are highly polymorphic and exhibit changes in both size and nucleotide sequence. For example, Streptomyces coelicolor, Streptomyces lividans, and Streptomyces ambofaciens are phylogenetically closely related [29] ; however, the TIRs of S. lividans and S. ambofaciens do not share any homology. Furthermore, the last 30 kb of the TIRs of S. ambofaciens DSM40697 do not exist in S. ambofaciens ATCC23877 [12] . Such differences between two strains of the same species involve either deletion events or the acquisition of a new extremity. The interaction of chromosomal DNA with a linear replicon can lead to the acquisition of a new extremity and such events have been observed by others. In one case, the TIRs ends of the S. lividans chromosomal DNA are similar to one end of the linear plasmid SLP2 [17] . Exchanges of DNA ends between linear plasmid pPZG101 and the chromosomal DNA in S. rimosus have also been reported [24] and result in a hybrid chromosome. As the invertron structure appears to be conserved among Streptomyces linear replicons, Fischer et al. [12] propose that the maintenance of this structure could be achieved in the hybrid chromosome by an interchromosomal exchange, similar to that postulated for the mutants possessing extended TIRs ( figure 1C) .
Chromosomal extremities correspond to regions which are not silent but contain numerous genes. Sequencing data as well as the analysis of gene expression using two-dimensional gel electrophoresis of proteins revealed that deletions result in important alterations of the physiology of mutants which display a pleiotropic phenotype [7, 15] . Genes involved either in resistance and/or antibiotic biosynthesis have been located at the extremities of the chromosome of Streptomyces glaucescens, Streptomyces achromogenes, Streptomyces fradiae, S. lividans, and Streptomyces rimosus. In S. ambofaciens, sequencing of the AUD6 and AUD90 revealed the presence of repressor-like and a pKS-like gene [15, 24] .
Genome rearrangements modulate genome expression either by creating new DNA associations, by gene acquisition, or by gene dosage. Thus, in the S. ambofaciens mutants with extended TIRs ( figure 1C ) the has genes, where the recombination event occurs, encode a putative sigma factor. Such an event results in the creation of potentially functional chimeric genes having new regulation signals [12] . In S. rimosus, the interaction between the ends of the chromosomal DNA and the plasmid pPZG101 allows the acquisition of the oxytetracycline biosynthesis cluster [24] . Finally, in S. ambofaciens, the amplification of the AUD90 results in both spiramycin biosynthesis inhibition and depletion of lipid content. In addition, a new product was detected in the amplified mutant culture. We proposed that gene dosage of the PKS gene included in the AUD90 was responsible for this effect and that precursors required for both spiramycin and lipid biosynthesis were deviated towards synthesis of the new product in response to changes in AUD90 PKS gene dosage [28] .
A putative developmental modulation of genome plasticity
Little is known about functions able to control genome integrity, i.e., to either promote or repress genomic instability. At least two alternate strategies can be used to identify such functions. The first consists of testing the effects of mutations in genes already known to be involved in the control of genome integrity in other bacteria [3] . The second consists of isolating strains displaying a different level of genome instability.
The first strategy can be directly deduced from the results of treatments stimulating genome instability. Indeed, various treatments, mutagenic or not, are able to induce genome rearrangements. UV exposure or growth in the presence of intercalating agents (ethidium bromide, acridine orange, acriflavine) induce genome instability, at survival rates which are higher than those used in classic mutagenesis. These mutants harbored the same type of rearrangements as the spontaneous ones [33] . Antibiotics known to inhibit DNA gyrase (novobiocin or oxolinic acid) also stimulate genetic instability [34] . Other treatments which are not mutagenic but biologically stressful such as cold storage or protoplastization also induce genetic instability. Therefore, the induction of genomic instability by some treatments suggested that an SOS-like response was involved. Hence, the recA gene has been cloned from S. lividans [23] and S. ambofaciens [1] . A mutant exhibiting reduced homologous recombination activity was obtained in S. lividans. In this mutant, the deletion frequency at the end of the chromosome is enhanced while its ability to amplify DNA has been lost. These results show that the protein RecA could play a role in genomic plasticity [32] .
The second strategy was developed in S. ambofaciens and allowed us to observe very high intraclonal variability within the same strain. In this species, pigmentation of the colonies is highly mutable and leads to pigmented colonies harboring one or several sectors (Pig + sec; figure 2A ) and/or white papillae (Pig + pap; figure 2B ) and pigment-deficient colonies (Pig -col; figure 2C ). Sectors are thought to result from a mutational event incurred during vegetative mycelium growth, while papillae result from a mutational event arising during aerial mycelium differentiation. The Pig -col mutants arise from the germination of a mutant spore which can be formally produced by a sector, a papilla, or a mutational event occurring during sporogenesis. Pig -col, Pig -sec, and Pig -pap are not the result of the same mutational event arising at different stages of colony development. Genome rearrangements are only detected in the pigment-defective mutants derived from sectors (Pig -sec) or colonies (Pig -col) but not from papillae (Pig -pap). The Pig -pap mutants share characteristics which distinguish them from the two other types of mutants: they are unable to sporulate and do not possess deletions at the ends of the chromosome [19, 31] . They correspond to a new aspect of genetic instability in S. ambofaciens. The Pig -col and Pig -sec mutants are phenotypically heterogeneous and the two types of mutants cannot be differentiated based on phenotype alone. However, the occurrence of deletions was at least tenfold lower in the Pig -sec than in the Pig -col mutants ( figure 3A, B) . Such a deficit of deletion between mutants, produced by mutational events incurred during different developmental stages, suggests that the occurrence of rearrangements could depend upon the morphological development of colonies.
In a S. ambofaciens culture most colonies exhibit papillae. The number of papillae per colony (npc) is genetically determined and constitutes a good indicator to isolate mutators. Thus, colonies having more than 20 papillae (hyperpap colonies) predominantly produce hyperpap colonies while the colonies with few papillae essentially produce colonies with a small number of papillae in their progeny. The hyperpap colonies correspond to mutators which are stimulated for genetic instability. In these mutators only colony pigmentation and sporulation seem to be affected [19] . Analysis of genetic instability in the WT and mutator subpopulations has revealed some common features. First, the level of mutability during the aerial mycelium differentiation, which is measured by the npc, varies between the WT and mutators. Second, the level of genetic instability, measured by the frequencies of Pig -col and Pig -sec, varied between the subpopulations as do frequencies of deletion in pigment-defective mutants. Finally, analysis of mutants harboring a deletion and isolated in five independent WT progenies has revealed that two WT subclones predominantly produce mutants which are deleted on the right chromosomal arm (unpublished results). Such results reveal an endogeneous modulation of genome instability suggesting that WT subclones and mutators could display different degrees of the same mutator state.
Discussion
As a functional bidirectional replication origin is present at the approximate center of the chromosome, the extremities probably correspond to regions of replication completion. A correlation between the termination of replication and genomic instability might exist [15] . Indeed, such regions are known to be highly variable in circular or linear chromosomes. In Escherichia coli this region contains specific sequences (Ter sites) where the replication fork is slowed. The arrest of the replication fork is known to be at the origin of genome rearrangement via illegitimate or homologous recombination events [4] . In E. coli, double-strand breaks (DSBs) related to replication fork arrest are processed by recombination events requiring RecA and RecBCD [20] . Arrest of replication fork progression can be caused by exogenous factors such as irradiation, or treatment by substances that increase the frequency of DSBs like oxolinique acid. Endogenous factors, like the nature of the DNA sequence or secondary structures, can also slow down or stop the replication fork. Finally, replication can stop at specific sites during a response to stress, like the stringent response [16] . In Streptomyces, some specific sequences located at the chromosome ends might slow the replication forks on each arm [14] , explaining the high occurrence of rearrangements at the chromosome ends.
In the preceding section, we proposed that rearrangements could preferentially occur at specific developmental stages. Such a hypothesis is based on the deficit of deletions observed between the Pig -col and the Pig -sec mutants. The Pig -pap are distinct from the Pig -col and Pig -sec since they are not deleted, are phenotypically homogeneous, and probably correspond to another aspect of genetic instability in S. ambofaciens. Pigment-defective sectors probably result from a mutational event occurring during vegetative mycelium growth, probably during a rapid phase of growth since nutrients are not limited. The differentiation of vegetative mycelium into a aerial mycelium requires different signals including the ppGpp which initiates the stringent response in response to limited nitrogen [5] . As in Bacillus subtilis, such a response might slow down or stop the replication forks at specific sites, favoring genomic rearrangements. Therefore, during the sporulation process, DSBs could be more frequent.
Pauses in the replication fork can also induce small rearrangements, i.e., deletion or duplication of a few base pairs [9] . Pig -pap could result from such a mutational event occurring during aerial mycelium formation, as has been proposed for recombination-dependent mutations during the stationary phase [26] .
Finally, numerous reports have found that under some conditions, a fraction of a population can become mutator, at least transiently [18] . The presence of such mutators could have a major impact on the adaptation of the population [30] . In S. ambofaciens, we observed that different subclones displayed different level of genetic instability. Accordingly, we proposed that they harbored a different degree of the same mutator state. Although the nature of such a mutator state remains unknown, the relationship observed between the number of papillae and the extent of the mutator state suggests that this state results from a quantitative modification such as the repetition of a monotonous nucleotidic sequence within or near a gene controlling genome integrity or an epigenetic modification. Such a mutator state might develop when conditions become limiting during the Streptomyces lifespan, leading to a modulation of genomic instability.
